Treatment of mouse-spleen cells with galactose oxidase (EC 1.1.3.9) after incubation with neuraminidase (EC 3.2.1.18) induced extensive blastogenesis. Treatment of the cells with galactose oxidase before incubation with neuraminidase had very little stimulatory effect. Either of these enzymes alone had practically no effect on the cells. The lymphocyte transformation induced by galactose oxidase in neuraminidase-treated cells was decreased upon reacting the cells with borohydride or hydroxylamine, whereas treatment with these compounds did not affect transformation of cells by concanavalin A. It is suggested that galactosyl residues exposed by the action of neuraminidase on the cell membrane are oxidized by galactose oxidase, and the aldehyde moiety thus formed is involved in the induction of blastogenesis.
Recently, we reported that treatment of lymphocytes with periodate induced extensive blastogenesis (1) . The membrane site modified by the periodate seems to include a glycoprotein(s) containing sialic acid that yields, on oxidation, an aldehyde moiety that is essential for transformation (2, 3) . Sialic acid in glycoproteins always occupies a nonreducing terminal position and is glycosidically linked either to D-galactose or to N-acetyl-D-galactosamine (4). Galactose exposed by the action of neuraminidase (EC 3.2.1.18) on plasma glycoproteins could be oxidized at the carbon 6 position by galactose oxidase (EC 1.1.3.9) to yield the 6-aldehydo analogue (5, 6) .
In the present study, we have found that extensive blastogenesis was induced in mouse-spleen cells treated by galactose oxidase after incubation with neuraminidase. Our results suggest that galactosyl residues exposed by the action of neuraminidase on the cells are oxidized by galactose oxidase and that the aldehyde moiety formed is essential for the induction of blastogenesis.
MATERIALS AND METHODS
Concanavalin A (Con A), twice (Table 2) . A small, but significant stimulation of [3H ]thymidine incorporation was found in the enzymically-treated cells when incubated in serum-free medium. The data given in the table include for comparison the response of NaIO4-treated cells when incubated in the presence of the various sera specified.
Neuraminidase-and galactose oxidase-treated mouse-spleen cells are agglutinated upon incubation in media containing sera from various sources ( Table 2) ; small agglutinates of the treated cells form after a few hours. The agglutinates increase in size as the incubation proceeds, and at 48 hr large clumps containing blast cells are visible. During the third day of culture, the cell clumps are reduced in size, and many single large blast cells can be seen. Morphological analysis of mousespleen cells treated with neuraminidase and galactose oxidase under the experimental conditions specified in Table 1 and incubated for 72 hr, revealed that more than 50% of the cells had undergone blast transformation. Many mitoses were also observed. Preliminary experiments have shown that human blood lymphocytes also undergo blastogenesis upon treatment with neuraminidase and galactose oxidase under the experimental conditions specified in Table 1 .
Evidence for the specificity of the action of galactose oxidase on mouse-spleen cells
To clarify whether the action of the galactose oxidase preparation used on mouse-spleen cells is specific or whether the effect might be due to the activity of contaminating enzymes, we investigated the effect of excess D-galactose and of bis(2-hydroxyethyl)dithiocarbamate, an inhibitor of galactose oxidase, on the induction of blastogenesis by galactose oxidase in the neuraminidase-incubated mouse-spleen cells. (Table 3 ). The fact that the rate of [8H ]thymidine incorporation into cells treated with galactose oxidase and D-galactose was lower than the incorporation into untreated cells, suggested that hydrogen peroxide formed during the enzymic reaction caused cell Mouse-spleen cells suspended in PBS (80 X 106/ml) were incubated with neuraminidase (50 units/ml) for 30 min at 37°. The cells were then washed, resuspended in PBS (20 X 106/ml) to which were added, as indicated, the following: D-galactose (20 mg/ml), D-glucose (20 mg/ml), catalase (320 units/ml), galactose oxidase (0.5 unit/ml). After incubation for 30 min at 230, the cells were washed with PBS and suspended in culture medium (5 X 106/ml). Con A was added where indicated to a final concentration of 2 ,ug/ml. [3HlThymidine incorporation was determined after incubation for 46 hr (9) . mined after incubation for 46 hr. Mouse-spleen cells suspended in PBS (80 X 106/ml) were incubated with neuraminidase (50 units/ml), catalase (320 units/ml), and galactose oxidase (0.5 unit/ml) for 30 min at 370. The cells were then washed twice, resuspended in PBS, Ca +-+ and Mg++-free, containing hydroxylamine (1 mM) or potassium borohydride (1 mM), and incubated for 30 min at 230.
The cells were then washed, suspended in culture medium, treated as indicated with Con A, and cultured under the conditions outlined in the legend to Table 3. mixture. Cells treated with neuraminidase and subsequently incubated with galactose oxidase in the presence of D-galactose and catalase did not undergo transformation, but were fully responsive to Con A (Table 3 , last line). Galactose oxidase, D-galactose, and catalase, when added together to neuraminidase-incubated mouse lymphocytes after treatment with galactose oxidase alone, did not eliminate the stimulation of the cells induced by the latter.
(b) Inhibition by Bis(2-hydroxyethyl)dithiocarbamate of the Galactose Oxidase-Induced Stimulation of NeuraminidaseTreated Mouse-Spleen Cells. Galactose oxidase is a copper enzyme that can be inhibited by treatment with the chelating agent, diethyldithiocarbamate (11) . As shown in Fig. 1 , treatment of galactose oxidase with 2 mM bis(2-hydroxyethyl)dithiocarbamate markedly inhibited its stimulatory activity on neuraminidase-incubated mouse-spleen cells. However, the cells retained their responsiveness to Con A. Galactose oxidase treated as above lost essentially all its activity, as measured by the peroxidase-chromogen assay (10) .
Decrease of galactose oxidase-induced transformation by reaction of the enzymically-treated cells with borohydride or hydroxylamine When neuraminidase-incubated and galactose oxidase-treated cells are reacted with borohydride or hydroxylamine, under the experimental conditions specified in Table 4 , transformation is reduced. Cells so treated can still be stimulated by Con A ( Blastogenesis induced by the treatment of lymphocytes with neuraminidase and galactose oxidase is reduced when the enzymically treated cells are reacted with borohydride or hydroxylamine (Table 4) . It is possible that the aldehyde moieties, formed upon oxidation of the galactosyl residues exposed by neuraminidase treatment, are involved in the induction of lymphocyte transformation. The possible role of an aldehyde moiety in the induction of lymphocyte transformation was also postulated in studies on blastogenesis induced by periodate (2) . The function of the aldehyde moiety in the induction of blastogenesis is not known. It may be that the aldehyde groups react with free amino groups in the cell membrane to yield a Shiff base, and a "cross-linked" structure is formed. Cross-linking of membrane sites might play a role in lymphocyte transformation induced by lectins and by anti-immunoglobulin antibody (14) .
Lymphocytes treated with neuraminidase and galactose oxidase are agglutinated during incubation in media containing various sera. The agglutination of the cells under these conditions might result from interaction of an agglutinin present in those sera with a membrane site exposed during the enzymic treatment. Alternatively, the agglutination of the cells might be directly related to the alterations in the cell membrane induced by the enzymic treatment. These alterations might also be involved in the triggering of the cell to undergo blastogenesis.
